A rapid, accurate weight-estimation method is essential in paediatric emergency care, when it may not be possible to weigh a child, as drug dose calculations cannot be completed without weight. Objectives. To determine and compare the performance of the Broselow tape, PAWPER (Paediatric Advanced Weight Prediction in the Emergency Room) tape, Mercy method, Wozniak method and three age-based formulae in estimating the weight of children. A secondary objective was to assess whether the addition of a figural rating scale to assess body habitus improved the performance of the PAWPER tape. Methods. We estimated the weights of children between the ages of 1 month and 12 years using the Broselow tape, PAWPER tape, Mercy method and Wozniak method. The performance of the four methods was evaluated, and they were compared with one another and with three aged-based formulae. Results. Three hundred children were enrolled in the study. The PAWPER tape and Mercy method performed the best, estimating weight within 10% of actual weight (PW10) in 88% and 80% of cases, respectively. The Broselow tape and Wozniak method fared significantly worse (PW10 54% for Broselow, 71% for the ulna length method and 63% for the tibia length method). The use of a figural rating scale to assess body habitus did not significantly improve the overall performance of the PAWPER tape. The age-based formulae performed poorly. Conclusions. The PAWPER tape and Mercy method outperformed the Wozniak method and Broselow tape in estimating weight of children. The Broselow tape and the age-based formulae were very poor weight-estimation methods and should no longer be used, given the availability of better methods. Med J 2016;106(9):933-939.
RESEARCH
During paediatric resuscitation, most interventions are based on the weight of the child. These include dosing of medications, volumes of resuscitation fluids, cardioversion/defibrillation joules and the choice of equipment sizes. [1] If possible, all children should be weighed on a scale to obtain their actual weight. However, this is often impossible or impractical in an emergency setting, and an accurate, rapid weight-estimation method is essential in these situations. [1] Over the past three decades, many different weight-estimation methods have been used, each with its own advantages and limitations. The most commonly used methods include guesses or estimations by parents or healthcare workers, age-based formulae and length-based methods. Parental estimates of weight have been shown to be better than some age-based formulae, but are still not very accurate. [2] Age-based formulae are easy to use, but perform poorly. [1, [3] [4] [5] The old Advanced Paediatric Life Support (APLS) formula (now called the European Life Support (EPLS) formula) has been shown to lack desirable accuracy and to underestimate children's weights. [1] [2] [3] [4] The new APLS formula, developed in 2011, is more complex with three separate formulae for three age categories, but still underestimates weight in populations with a high prevalence of obesity. [3, 5] The Best Guess formula, developed in Australia, has a tendency to overestimate weight and is inaccurate in all weight categories. [5, 6] Length-based methods are the most widely used today. The most well-known system is the Broselow tape, which was originally developed in 1988 and has been updated periodically. Although still commonly used, it does not take into consideration the child's body habitus and usually underestimates weight, especially in obese children. [7] It has also been shown to overestimate children's weights in undeveloped countries. [8] Newer dual length-and habitus-based (two-dimensional) systems, namely the Mercy method, the PAWPER (Paediatric Advanced Weight Prediction in the Emergency Room) tape and the Wozniak method, have been developed in the past few years and have been shown to be superior to traditional weight-estimation systems. The Mercy method is a weight-estimation strategy developed in Missouri, USA, in 2009. The method uses surrogates of total body length (humeral length) and habitus (mid-arm circumference (MAC)) to estimate weight. [9] The humeral length and MAC provide 'segmental weights' read off a table, which are then added together to obtain an estimated weight. [9] The method proved to be superior to 13 other weight-estimation strategies in preliminary testing and performed well across a wide range of ages and weights. [9] It has been externally validated in the USA, [10] as well as in two undeveloped countries, namely Mali [11] and India. [12] The PAWPER tape was developed in 2007 in South Africa (SA) as a low-cost, single-use tape that uses a two-step process to estimate weight. In the first step, a baseline weight estimation is made by measuring supine length. The second step involves modification of this weight up or down according to a child's body habitus. It has been shown to estimate weight very accurately, far outperforming the Broselow tape, [13] but needs further validation. The Wozniak method was developed in a study in Gaborone, Botswana, in a predominantly HIV-positive sample of children. The method uses the MAC and tibia length, or MAC and ulna length, in a regression formula to estimate children's weights. It was shown to be very accurate, and outperformed the Broselow tape, the MAC formula, and the APLS, Luscombe and Theron age-based formulae. [14] Although the method showed quite promising results, it has not yet been validated in any other populations. 

Objectives
To evaluate the above three two-dimensional methods of weight estimation, plus three age-based formulae, in a population of children from a background of low socioeconomic status, where malnutrition is common. We aimed to see which method was the most accurate in this population, and over which age or weight ranges each method worked best in estimating weight. A secondary objective was to determine whether a figural rating scale system improved the accuracy of habitus assessment for the PAWPER tape.
Methods
The study was approved by the Health Research Ethics Committee of the University of the Witwatersrand, Johannesburg, SA.
Study design. A prospective, cross-sectional, hospital-based study. Study setting. Rahima Moosa Mother and Child Hospital, a public hospital in Johannesburg serving a community of mostly low socioeconomic status. This study was conducted in the paediatric outpatient department and admission ward of the hospital from August 2014 to January 2015.
Study population. Children between the ages of 1 month and 12 years, who were not in need of emergency medical treatment, were included in the study. Children with congenital conditions such as dwarfism, or whose length could not be assessed for any reason, e.g. due to contractures, were excluded from the study. A nonconsecutive convenience sample of 300 children was used.
Study procedure
Once consent had been obtained, each study participant was dressed in a hospital gown in a private cubicle. The child's body habitus was assessed using the original PAWPER tape method and then with the aid of a figural rating scale (modified from Collins figural images), [15] and assigned a habitus score (HS). Using these HSs, the weight was estimated using the PAWPER tape. The child's weight was then estimated using the 2011 Broselow (edition A) tape. The child's supine length was measured with a measuring tape. Measurements were then taken of the child's humeral length, MAC, ulna length and tibia length. Using these values, the weight was estimated using the Mercy and Wozniak methods. The child's actual weight was then measured on a scale and recorded to the nearest 0.1 kg. Weight estimations were generated from the age-based formulae, as follows:
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Statistical analysis
The performances of the weight-estimation systems were evaluated by comparing them with actual measured weight, and with one another. Three major outcomes were evaluated for the whole population, as well as for subgroups of age (≤2 years, 2 -5 years and >5 years), weight (≤12 kg, 12.1 -20 kg and >20 kg) and body HS categories: (i) mean percentage error (MPE) was calculated for each method, which gave a measure of the overall estimation bias; (ii) limits of agreement of the MPE and the root mean squared percentage error (RMSPE) were calculated, which gave a measure of estimation precision; and (iii) the percentage of estimations that fell within specific weightestimation error categories was determined for each method, which provided a measure of overall accuracy. Modified Bland-Altman plots were constructed to further assess the agreement between each of the estimation methods and the actual weight.
Results
A total of 300 children were enrolled in the study. The participants were equally distributed by sex (50.7% male, 49.3% female), and had a mean age, weight and body mass index (BMI) of 4.9 years, 18.2 kg and 15.5 kg/m 2 , respectively. Selected demographic and anthropometric parameters are summarised in Table 1 . The distribution of HSs assigned to the sample of children in the study is shown in Fig. 1 , the majority of children having an HS of 2 (38.0%) or 3 (30.7%), and the figural rating scale in Fig. 2 . Table 2 shows the data for all methods of weight estimation, indicating their measures of bias, precision and accuracy for the entire population and for each weight, age and HS category. The PAWPER tape and Mercy method had the least bias and best precision, while the Best Guess method had the most bias and was the least precise. Modified Bland-Altman plots (Fig. 3) illustrate the agreement between each of the estimation methods and the actual weight. Fig. 4 shows the categorised percentage error outcomes for each of the weight-estimation systems, demonstrating both the degree and direction (over-or underestimation) of weight-estimation errors. The Broselow tape significantly overestimated weight. The PAWPER tape also overestimated weight, but far less than the Broselow tape. The overall absolute accuracy of each of the methods by PW10 and PW20 is shown in Fig. 5 . The PAWPER tape and Mercy methods were within 10% of actual weight in >80% of the weight estimations, and far outperformed any of the other methods. All three of the agebased formulae had a PW10 of <50%.
In some cases, weight could not be estimated at all, as the child's measurements exceeded the restrictions of various methods. In the tape-based methods, 15 (5.0%) and 6 (2.0%) children had lengths that exceeded the lengths of the Broselow tape and the PAWPER tape, respectively. For the Wozniak method, 5 children (1.7%) had 
Discussion Demographics
The 300 children enrolled in this study were taken from the out patient department and admission ward of a public hospital, which mainly serves a population of lower socioeconomic status.
The median BMI-for-age centile was 30, which differs from the private hospital population used in the original PAWPER tape study, where the median BMI-for-age centile was 50. [13] This difference is mirrored by the HSs, which in this study were predominantly 2 (38.0%) and 3 (30.7%) whereas in the original PAWPER tape study, where the children came from a higher socioeconomic group, HSs were assigned as 3 in 51.4% of cases and 4 in 22.3%. [13] The population in this study was, however, similar to the population used in the development of the Wozniak method. [14] The Mercy method was developed from the National Health and Nutrition Examination Survey (1999 -2008) , and initially validated in the USA on a cohort of healthy children. [9, 10] It has since been validated in Mali and India in populations with a high prevalence of low weight for age, similar to the population in this study. [11, 12] Comparison of the performance of the weight-estimation methods
The PAWPER tape and Mercy method performed best in our study population. They had the most neutral bias, and better precision and accuracy than the other methods. The Mercy method had the least bias and slightly underestimated weight (as reflected by an MPE of -0.9%), whereas the Broselow tape had the most bias and substantially overestimated weight (MPE 5.5%). There was only a small difference in bias between the PAWPER tape and the Mercy method (paired t-test, p<0.0001). The PAWPER tape was the most precise (RMSPE 5.3), followed by the Mercy method and then the Wozniak method (paired t-test, p<0.0001). The precision of the Broselow tape was significantly worse than all the two-dimensional methods, with an RMPSE of 11.4 (paired t-test, p<0.0001).
The PAWPER tape was significantly more accurate than all the other methods. It had a PW10 of 88% and 85% for the original and figural-assisted modified methods, respectively, compared with 54% for the Broselow tape (McNemar test, p<0.0001) . This is similar to the PAWPER tape validation study, in which the PAWPER tape had a PW10 of 89.2% and the Broselow tape a PW10 of 63.6%. [13] The PAWPER tape was slightly less accurate in the ≤12 kg group, in children aged <2 years and in those with an HS of <3. It was more accurate than the Broselow tape in all weight categories.
The Broselow tape performed the worst of all the methods, with the exception of the age-based formulae, with a PW10 of 54% overall. Its accuracy decreased with increasing age and weight. It was most accurate in the 2 -5-year age group and in the HS 3 subgroup, which is not surprising considering that body habitus is not taken into account in its estimation process and these are the children of average weight for height. The Broselow tape overestimated weight in all age and weight subgroups, in contrast to previous studies in developed countries, where the Broselow tape was found to underestimate weight. [1, 7] This was probably partly due to the high level of low weight for age in this population as well as the changes in the Broselow 2011 edition A to reduce underestimation of weight. The Mercy method estimated weight very well in this population. It had a low bias, high precision and very good accuracy. It had a PW10 of 80%, slightly better even than in its original and validation studies. [9] [10] [11] 16] It performed generally well over all subgroups of age, weight and body habitus, but slightly worse in the smallest and youngest children, and children in the HS 3 subgroup.
The Wozniak method consists of two methods of weight estimation, one of which uses MAC plus ulna length and the other MAC plus tibia length in a formula to calculate weight. Both variations performed moderately overall, with PW10s of 71% and 63%, respectively. This is somewhat worse than the results in the original Wozniak study, where the corresponding results were 78.8% and 81.5%, respectively. [14] In Wozniak's study, the derivation sample only included children aged >18 months and the results were poorest for children weighing ≤10 kg and ≥40 kg, and best for children weighing between 25 and 30 kg. [14] In our population the Wozniak systems were extremely inaccurate and imprecise in children weighing ≤12 kg and those aged <2 years, and best in the >20 kg and age 
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>5 years subgroups. Overall, and in all weight, age and HS subgroups, the MAC-ulna method performed better than the MAC-tibia method. Both methods underestimated weight overall. Both the Mercy and Wozniak methods use two-step processes. They require the surrogate length and the MAC measurements, followed by calculations or values read off a table. In an emergency situation, this would take some time to work out and provide opportunities for mistakes to be made, especially for people not familiar with the methods. From a practical point of view, they are therefore more difficult and complex to use than tape-based methods and have yet to be evaluated in studies with real or simulated emergencies.
The EPLS (old APLS) formula performed very poorly in this study. In all age categories and in children weighing <20 kg, it overestimated weight. In the >20 kg weight category and in children assessed as HS >3, it underestimated weight. In a previous study in the UK, the formula was shown to underestimate weight across all ages. [4] The new APLS formula, which was shown to perform better than the old one in previous studies, [3, 5] performed significantly worse in our study. Of all the formulae evaluated in this study, the Best Guess formula performed the worst. It had PW10s of 13.7%, 23.4% and 19.2% in the <12 kg, 12.1 -20 kg and >20 kg weight categories, respectively. It performed far worse than in previous studies done in Australia [6] and in SA, [1] but similarly to in another Australian study. [5] In all weight and age categories, it overestimated weight. The use of these very inaccurate formulae could lead to significant medication errors and potential patient harm.
Cases where methods could not be used Some children's measurements fell outside the restrictions of the various methods for the Broselow tape, the Wozniak methods and the PAWPER tape. The Mercy method could be used for all children's measurements, which is an advantage compared with all the other methods. 
PAWPER tape original v. figuralassisted method of HS assessment
One of the secondary objectives of this study was to see whether a figural-assisted assessment of HS would improve the accuracy of weight estimation compared with the original gestalt method of 'eyeballing' a child in order to assign an HS. The Devised Weight Estimating Method, which also estimates weight based on an assigned HS, has been shown to perform well in estimating children's weights, but is not often used. The figural-assisted method functioned slightly, but not significantly, worse than the original method overall. This was solely a consequence of a poorer result in infants and younger children, where HS was overestimated more than with the gestalt method. The figural-assisted method performed better than the gestalt method in older and heavier children (although not statistically signi ficantly; McNemar test, p=0.12). Perhaps the images used as reference look thinner than the children of that HS, and should be modified in order to improve their accuracy.
In this study only one person assigned the scores and took measurements, and may have had an improved ability to do this after many assessments. The figuralassisted method may prove to be useful for a person who is not experienced in assessing body habitus and may also make the HS assessments more standardised.
Study limitations
Only children who were not in need of emergency care were included in this study. There may potentially be some bias, as critically ill children may be different to clinically well children in terms of their body habitus appearance and weights. The researcher assessed and measured the children in a non-emergency, calm environment. Measurements in a stressful emergency situation may be more rushed and therefore possibly less accurate. Only one person took the measurements, so no comparison of interobserver variability was possible. Finally, the researcher's assessment of the HS was based on her own perception of 'average' , which may differ from that of other healthcare providers.
Conclusions
The dual length-and habitus-based systems were the most accurate methods in this RESEARCH study population, with the Mercy method and the PAWPER tape best overall. All methods were weakest in infants and toddlers, but the Wozniak method was potentially dangerously inaccurate in this subgroup. The Broselow tape was very poor at estimating weight in children from a background of lower socioeconomic status and should no longer be used for this purpose, as it may also cause significant medication errors.
Age-based formulae were extremely inaccurate, as has been demonstrated previously, and their role in emergency care should be abandoned.
